Purpose: This article reports on the integration of a sliding-gantry CT-on-rails with a robotic linear accelerator. Methods: The system consists of a SOMATOM Definition AS CT scanner (Siemens Healthcare, Forchheim, Germany) and a CyberKnife M6 FIM (Accuray, Inc., Sunnyvale, CA, USA). Additional movement programs were implemented in the robotic treatment table (RoboCouch, Accuray Inc.) to move between CT and treatment position. Acceptance testing was performed on the CT scanner according to AAPM83 guidelines, as well as safety tests for collision avoidance and electromagnetic (EM) compatibility. For the first clinical application of the system, daily dose was evaluated in five pancreas SBRT patients. A second envisioned use is the optimal alignment of the treatment beams to soft-tissue targets without the use of implanted fiducials. To this end, an offset vector feature has been implemented, which shifts the treatment center according to the daily position of the tumor relative to the spine (established by a CT scan). This offset can be applied by either moving the treatment couch (physical couch shift) or by moving the CyberKnife robot (virtual couch shift). An End-to-End (E2E) test was specifically designed to evaluate the accuracy of this feature using the Xsight Lung Tracking Phantom (Computerized Imaging Reference Systems, Inc., Norfolk, VA, USA). The position of the tumor with respect to the spine was varied by moving the insert inside the phantom and a CT scan was made for each position. The treatment plan was subsequently delivered to the phantom employing spine tracking. The test was repeated four times for a physical couch shift and four times for a virtual couch shift. Results: All acceptance, safety and EM compatibility testing was successful. For the first pancreas SBRT patients treated using daily CT imaging, the volume of stomach, duodenum, or small bowel receiving >35 Gy was found to increase or remain constant during treatment; however, the clinical constraint of 5 cc was not violated. For the offset vector E2E test, the reference accuracy (without any tumor shift) was (0.74, À0.61, À0.33) mm in the inferior, left, and anterior direction respectively. The difference in deviation with respect to the reference was (À0.1 AE 0.15, 0.01 AE 0.16, À0.17 AE 0.25) mm, when applying a physical couch shift. With a virtual couch shift, the deviations were (0.02 AE 0.15, 0.06 AE 0.23, À0.4 AE 0.31) mm. Conclusions: The first combination of a CyberKnife treatment unit with a sliding-gantry CT scanner is operational in our department enabling future developments toward image-guided online-adaptive SBRT supported by diagnostic-quality CT imaging.
INTRODUCTION
In recent years, there is a growing interest in stereotactic body radiotherapy (SBRT) in the pelvic and abdominal region. Accuracy requirements for SBRT are stringent, due to the steep dose gradients and high fraction dose applied. Pelvic and abdominal targets, such as pancreatic tumors, present a challenge, as large interfraction, nonrigid shape and position variations are common for both tumor and organs at risk (OAR). This variability may lead to concessions to planned tumor dose to protect OARs from violation of clinical constraints.
Adaptive radiotherapy (ART) may present a solution to this issue by allowing plan adaptation according to the daily anatomy, in order to preserve or improve daily tumor coverage and maximize OAR sparing. Several studies have demonstrated the benefit of daily plan adaptation for stereotactic treatments in the abdominal region.
1,2 A common requirement for all ART approaches based on daily re-planning is to have image guidance of sufficient quality for the anatomical region at hand.
In our institution, SBRT is performed on a CyberKnife treatment unit. In addition to the existing planar X-ray image guidance, which has been shown to provide excellent treatment accuracy, 3 our CyberKnife has recently been extended with an integrated CT-on-rails scanner. This offers the possibility of daily 3D imaging in the treatment room. The choice of a sliding gantry CT system combines two main advantages: (a) diagnostic quality imaging, directly suitable for (re)planning, and (b) flexibility, since the freedom of the CyberKnife to perform geometrically complex, noncoplanar treatments remains uncompromised. The robotic couch of the CyberKnife is used for both imaging and treatment, and is therefore the most important integrating element between the two systems. A special aspect in the integration is the geometric relation between CyberKnife and CT: since the CyberKnife has no mechanical isocenter, geometric correspondence between CT and treatment couch is established on a relative reference system, using image-based matching, instead of absolute room coordinates. This paper describes the first CyberKnife system that has been integrated with an in-room, diagnostic-quality CT-onrails. We first give an overview of the components of the system and their interaction. Subsequently, we focus on safety aspects and discuss the issue of collision avoidance in the integrated system. With regards to clinical implementation, two use cases are highlighted. In the first use case, the daily CT is used to obtain an estimate of the daily dose. By registering it to the planning CT, dose to critical OARs at time of treatment can be evaluated against clinical constraints. Currently, this evaluation aids decisions for offline replanning, and in the future it will enable daily adaptation of the treatment plan such as the selection from a library of plans, or online replanning.
In the second use case, the CT scanner is used to optimally align the treatment beams to the daily position of the tumor, even when no fiducials have been implanted, by defining the daily tumor shift relative to the bony anatomy. This approach overcomes the current limitation of the CyberKnife target localization system, which needs implanted fiducial markers to accurately target soft-tissue tumors that are not visible on planar X-ray. We present preliminary clinical results from the first use case, and describe phantom experiments performed to test the second use case.
MATERIALS AND METHODS

2.A. System description
The three main components of the system are the CyberKnife robot-mounted linear accelerator (CyberKnife M6 FIM, Accuray, Incorporated Sunnyvale, CA, USA), the CT scanner (SOMATOM Definition AS; Siemens Healthcare, Forchheim, Germany), and the robotic patient couch (RoboCouch, Accuray, Incorporated). Although the latter is formally part of the CyberKnife system, it will be treated separately here, as it forms the link between the imaging and treatment unit and thereby plays a special role in the integration of the two.
The treatment room with CT and CyberKnife is shown in Fig. 1 . A schematic configuration of the room showing the relative position of the various components is shown in Fig. 2 . The inner room dimensions (excluding the labyrinth) are approximately 9.10 9 7.40 m.
2.A.1. CyberKnife and target localization
The CyberKnife robotic system for stereotactic radiosurgery (SRS) and SBRT has been described in. [3] [4] [5] [6] For patient positioning and target localization before and during treatment, the CyberKnife system employs the target locating system (TLS). This system comprises two ceiling-mounted X-ray sources and two floor-mounted flat-panel X-ray detectors, which acquire images of the patient at two perpendicular planes (biplane imaging). This allows accurate target localization based on either (a) anatomic markers, such as bony anatomy, (b) tumor surrogates (i.e., implanted fiducials), or (c) the tumor itself (in the case of peripheral lung tumors, which are visible in planar X-ray images). Patient and tumor tracking using the TLS can be complemented by a real-time tracking system based on optical markers placed on the patient surface (Synchrony system), that compensates for breathing motion. 
2.A.2. CT-on-rails
The sliding-gantry CT has the same functionality as the two existing CT scanners of our department (of type Siemens Somatom Sensation Open), which are used for treatment planning, including 4DCT scanning. Acceptance testing was performed according to the AAPM83 guidelines. 8 The imaging protocols and scan settings of the new CT scanner were based on the protocols of the existing (planning) CT scanners. The local database of the CT scanner has been connected to the Radiotherapy PACS. Patients scheduled for treatment in this CyberKnife unit automatically appear on the patient worklist of the CT.
2.A.3. Robotic couch
The motion of the robotic couch between imaging and treatment has been implemented as three motion programs.
These have been installed in the Teach Pendant interface, which is a hand-held computer that can be used to operate the couch robot manually. The Teach Pendant is located at the RoboCouch Controller column (see Fig. 2 ). The functions implemented to achieve the transition between setup, imaging and treatment are listed below.
1. toCT. This program moves the couch from the default (also called Park or Home) position (where the patient can be loaded, positioned, and aligned with the room lasers) to the CT gantry, in midheight with respect to the bore. 2. toHeight. After reaching imaging position, the couch height can be adjusted to accommodate patient size or positioning. 3. toTreat. After imaging has been completed, this program directs the RoboCouch to the designated position for treatment.
The motion of the RoboCouch is subject to limitations according to IEC 60601-2. 9 According to this standard, maximum linear velocity should not exceed 100 mm/s. Additionally, the maximum displacement allowed between the position at which an (emergency) stop command is given and the final position should not exceed 10 mm. The couch motion has been configured and tested against these criteria by the manufacturer during development. Apart from adhering to the above requirements, patient comfort was also taken into account by smoothing the motion path.
2.B. Safety aspects
The combination of a sliding-gantry CT with the CyberKnife system presents unique challenges regarding safe operation. Especially mechanical safety is a concern, since the different components can be moved independently from the control room. In the following, we will present the basic workflow, followed by a description of the employed mechanisms for collision avoidance.
The main steps in the CT workflow are shown in Fig. 3 . After patient setup in a vacuum mattress and coarse initial alignment using the in-room lasers, the couch is moved into imaging position (see Fig. 2 ). During couch movement, the patient remains under close supervision of the RadioTherapy Technician (RTT). To ensure a free path for the sliding CT gantry, the CT gantry is first manually moved into its most extreme position, so that the scan is performed during the return of the gantry. The RTT leaves the room for the scan and operates the scanner from the control room. Subsequent scans may include contrast injection or a 4DCT scan. After the scan, the RTT returns to move the couch to treatment position.
2.B.1. Couch manipulation
The couch movement between treatment and imaging position is performed using the Teach Pendant (see Fig. 2 ), which is a different interface than that used for standard treatments. Additional functionality has been added to the Teach Pendant to allow couch manipulation to and from imaging position. This functionality is restricted to trained users.
The RTTs involved in the clinical deployment of the integrated system received special training for operating the robotic couch between imaging and treatment position, moving the CT gantry, and performing the CT scans. To minimize the risk of erroneous couch manipulation, the Teach Pendant interface contains different programs for different users, so that during standard use by RTTs, only a limited number of options are available.
2.B.2. Collision avoidance and interlocks
The proximity detection of the CyberKnife includes information on the treatment geometry and room geometry, together with real-time information on the robot position to avoid collision with the patient or other known objects in the treatment room. Two separate systems are in place, of which one is active during treatment, and the other when the robot is controlled manually using the Teach Pendant. To address the additional safety risks present when integrating a moving CT gantry into the treatment room, a special set of interlocks has been designed and implemented in collaboration with the manufacturers of the CyberKnife and CT equipment.
The following extra interlocks have been installed:
1. As long as the treatment couch is not in imaging position (in one of the three permitted height positions), the CT gantry is locked so that it cannot be moved out of park position. 2. As long as the CT is out of Park position, the CyberKnife robot and treatment couch cannot be moved.
The combination of these two lock signals ensures that the two systems can only move individually, and only if the other system is in its designated park position, away from the other component's range of motion.
2.B.3. Electromagnetic compatibility
The combined system was tested for EM interference by an independent authority (T € UV Rheinland, Arnhem, the Netherlands) to validate compliance to the IEC 60601-1-2 and IEC 60601-1 standards. 9 Briefly, the test consisted of applying interference signals from an external source in the frequency range between 80 and 2700 MHz with a field strength of 3 V/m (rms) applying 1 kHz modulation with 80% modulation depth. The functionality of both components was tested against these interferences for a number of criteria, including component failures, change in operating mode or programmable parameters, interruptions, false alarms, errors in functionality, noise, artifacts, or distortions. The test was repeated for the integrated system using the CyberKnife as an interference source for the CT and viceversa.
2.C. Clinical application
In the following sections, we will describe two use cases for the clinical application of the CyberKnife/CT system. Both use cases are shown schematically in Fig. 4 . The first use case is the deployment of the in-room CT for daily dose evaluation in a clinical study. For this case we present our first clinical experience. The second use case relates to the direct correction of the treatment center, based on tumor setup deviations derived from the daily CT images. This feature has been tested with phantom measurements and we report on the results.
2.C.1. Use case 1: Evaluation of daily dose
Clinical background: The first clinical application of the integrated CyberKnife-CT system is in the treatment of locally advanced pancreatic carcinoma (LAPC). The potential of SBRT for pancreatic cancer has been investigated retrospectively by Chuong et al. 10 and prospectively by Goyal et al., 11 and reviewed by Buwenge et al. 12, 13 In these studies, the tolerance of the abdominal organs at risk was recognized as dose limiting. The daily variation in the position and shape of stomach, duodenum, and small bowel dictates a conservative approach, often leading to concessions in tumor coverage or dosage. Image guidance can play a prominent role in dose monitoring. A recent dosimetric study by Li et al. 14 has shown the benefit of adaptive replanning for pancreas SBRT; in that work, CBCT was used, and the suboptimal image quality was recognized as a limitation of the approach as the delineation of OARs was difficult. This limitation is overcome when daily CT imaging is used. 15 Study protocol: Our department participates in the LAPC-1 single-institution Phase I study on the safety and efficacy of Folfironox combined with SBRT. 16, 17 According to the study protocol, the radiotherapy treatment consists of SBRT on the CyberKnife for a total dose to the PTV of 40 Gy in five fractions, prescribed to the 80% isodose line. For position verification before each treatment, the patient is first aligned using the in-room lasers and tattoos. Next, the couch is moved to the treatment position, where biplane Xray images are made. A match is performed with DRRs of the planning CT based on the bony anatomy (spine), whereby both rotation (around three axes) and translation (in three directions) is corrected. Afterwards, a second match is performed using the center of mass of the fiducials, providing an additional correction vector only for translation, to correct for tumor movement with respect to the spine. During treatment, tracking is performed with the Synchrony respiratory motion tracking system, 18 using input from optical markers placed on the patient's abdomen.
Use of in-room CT: For each of the first three fractions of the treatment, a CT protocol is followed, using the scanning protocol applied during simulation. Three scans are performed: one without contrast, one with contrast, and a 4DCT scan reconstructed in eight breathing phases. The 3D scans are made in end-expiration (not forced) using audio instructions. During simulation, the 3D scans (nonconstrast and contrast) are used together to delineate the tumor and OARs. The plan is made on the contrast scan. The 4DCT scan is used to evaluate tumor motion and the data collected during the study will be used to retrospectively evaluate CTV-to-PTV margins. The 3D scans made using the in-room CT are used to obtain an estimate of the daily dose to the OARs by overlaying the planned dose distribution over the matched daily CT.
The dose overlay is achieved by computing a rigid registration that reproduces the actual setup at the CyberKnife. This places the patient inside the treatment unit reference frame in the same manner as the position verification protocol, i.e., by first matching the spine using rotation and translation, followed by a translation-only match on the centerof-mass of the fiducials. The rigid registration is computed and applied using in-house developed software. The new contours are then computed by propagating the planning contours onto the daily CT using automatic deformable image registration, 19 and are manually adapted by the clinician where necessary.
After dose overlay and contour adjustment, the dose to OARs can be compared to the clinical constraints. For this protocol, the most critical constraint is the volume of abdominal organs (stomach, duodenum, and bowel) receiving 35 Gy or above (V35 Gy), which should not exceed 5 cc. To evaluate this constraint, we have used a simple worst-case approach, in which it is assumed that the same volume receives the highest dose in each fraction. This is an overestimation of the real situation, but given the uncertainty in the voxel-by voxel correspondence of tissue, we chose to use this conservative approach. In our current workflow, the radiation oncologist may decide not to proceed with the current treatment plan (and replan for the current or following fraction) in case the clinical constraints are exceeded.
2.D. Use case 2: Direct correction of treatment center from CT
The second use case employs the soft-tissue contrast of the CT scanner to align the treatment beams to the target as localized in the daily CT scan. In this use case, the initial setup correction is based on the bony anatomy (spine). The GTV is delineated in the daily CT, using the same delineation protocol as for the planning, and its relative position to the spine is compared to the corresponding relative position of the GTV to the spine in the planning CT. The difference between these two positions is then expressed as an offset vector, which can be applied for the tracking of the daily treatment. A schematic overview of this correction is shown in Fig. 5 . The offset can be either applied to the couch itself, or to the beam setup (achieving a so-called "virtual couch shift"). In the implementation installed on our CyberKnife, both possibilities, i.e., a physical or a virtual couch shift, are available as a nonclinical feature. For its validation we have performed a series of phantom tests, which will be described below.
2.E. End-to-End test for offset vector
To validate the functionality of the offset vector tool, an End-to-End (E2E) test was performed. For this test, we employed the Xsight Lung tracking phantom (Model 18023-A, Computerized Imaging Reference Systems, Norfolk, VA, USA), since this phantom includes a spine segment as well as a cylindrical insert with an off-axis lesion with a diameter of 25 mm, which can be freely shifted and rotated inside the phantom. In this way, the position of the lesion with respect to the spine can be varied. Two EBT2 films (Gafchromic, Bridgewater, NJ, USA) are placed inside the lesion, allowing dosimetric verification of the geometric accuracy of the treatment. The films give readings in the Anterior-Left (AL) and the AnteriorSuperior (AS) planes, producing two values for the shift in the anterior-posterior direction (we will report on the average of these). The phantom was used in static mode, i.e., without motion, because the offset vector tool currently does not support motion tracking using Synchrony.
The first step was to perform a CT scan of the phantom, based on which an E2E plan was generated according to the standard QA procedure recommended by the manufacturer. The lesion was delineated and a dose of 420 cGy was prescribed to the 70% isodose line. Xsight Spine tracking was selected as the tracking method, in order to test an offset vector applied on top of the spine match. The Iris collimator was used. The plan was calculated with the Monte Carlo algorithm using a 3% uncertainty and the plan and DRRs were transferred to the treatment system as usual.
We first irradiated the plan without shifting the insert inside the phantom (so in the exact same position as in the planning CT), to get a reference value of the expected accuracy. It should be noted that this phantom is not normally used in combination with spine tracking, and the target lesion lies away from the spine. Therefore, this test is expected to have a higher deviation than the regular Xsight Spine tracking E2E test, where the lesion is located close to the spine. In our regular clinical QA of the Xsight Spine tracking E2E test with the Iris collimator, deviations remain below 0.4 mm in each direction (vector deviation <0.5 mm), while for the Xsight Lung tracking test, the total vector deviation remains below 0.95 mm.
An example of the registration between CT scans, before and after lesion shift, is shown in Fig. 6 , while a detailed view of the shift performed using rotation of the phantom insert is shown in Fig. 7 . Four different shifts were applied, with absolute values ranging between 3.9 and 10.7, 0.9 and 4.6, 0.1 and 1.3) mm in the Inferior-Superior (IS), Left-Right (LR), and Anterior-Posterior (AP) directions respectively. Each shift was followed by a CT scan. By matching each of these CTs to the planning CT scan, the respective shift of the lesion with respect to the spine could be computed. The treatment couch was consequently moved back to treatment position and an initial setup (couch shift) performed using spine matching. Finally, the shift of the lesion was applied in the CyberKnife offset vector tool, using the value established from the CT scan, and the plan was irradiated. Both physical and virtual couch shifts were tested. The films were analyzed using the E2E software provided by the manufacturer and deviations in the three film directions were established. Because the insert is rotated to achieve shift of the lesion, the LR and AP deviations were corrected with the rotation angle of the insert (established using the CT scan), in order to obtain the true LR/AP deviations. This is illustrated in Fig. 8. 
RESULTS
3.A. Safety and EM compatibility
3.A.1. Couch travel
The couch travel time was measured from the midheight imaging position to the treatment position three times. The mean travel time was: 45.6 AE 1.0 s (1 SD). This travel time was deemed an acceptable compromise between patient comfort and speed, and is within the limits defined in IEC 60601-2-1.
3.A.2. Collision avoidance
The two extra interlocks implemented to ensure that the CT gantry is only allowed to move when the CyberKnife is in a safe position, and vice versa, were verified to function properly.
3.A.3. EM compatibility
The performance criteria for EM compatibility according to IEC 60601 were met successfully. The additional testing (employing the CT as an interference source for the CyberKnife and vice versa) was also successful.
3.B. Use case 1
The deformation of the OAR contours of the planning CT to match the daily CT is fast (<1 min). However, in most cases the contours for the stomach, duodenum, and small bowel needed to be manually corrected by the radiation oncologist, due to the large deformation between fractions. The contours for spinal cord, liver, and kidneys were correctly deformed and did not require manual adaptation. The dose overlay was evaluated on the daily CT visually after applying the rigid transformation, while the dose statistics per OAR were evaluated offline after manual adaptation of the contours. This limitation prevents the use of the current implementation as an online decision support tool. Figure 9 shows an example of a patient, where there is change in the bowel anatomy between planning and treatment, resulting in a higher dose to the stomach than in the treatment plan. Results of the V35 Gy constraint based on the first five patients treated with this protocol is shown in Table I , where it is seen that for two cases, the V35 Gy exceeded 4 cc on two fractions, but the clinical constraint of 5 cc was not violated.
3.C. Use case 2
The automatic rigid registration between planning CT and the CT with shifted phantom insert was very fast (<2 s), since the phantom itself is not moved. The applied offset vectors and resulting deviations are shown in Table II . As can be seen from these results, the application of the offset vector had a minimal effect on the accuracy of dose delivery; the additional deviation due to the application of the offset vector remains below 0.4 mm.
DISCUSSION
We have employed the integrated CyberKnife-CT system in our department since April 2015. Until now, 32 patients have been scanned and treated with this system. The preliminary clinical results indicate that there is substantial variability in the dose received by the critical abdominal organs. This is seen by the results regarding V35 Gy, but also by visual inspection of the dose distributions. An extensive dosimetric analysis of the first 18 LAPC patients treated with this protocol, which will further evaluate the effect of daily anatomic variation, is ongoing. 17 Daily image guidance using diagnostic-quality CT scans can provide a powerful tool for exploiting the surgical precision of SBRT. Even in the challenging case of abdominal tumors, high-quality imaging, combined with advanced image registration, allows for a fast evaluation of daily dose to critical OARs. Furthermore, the implementation of a reproducible reference frame transformation between imaging and FIG. 9. Example result of dose overlay in one patient. The planning CT is shown, followed by three fraction CTs with planned dose overlaid after rigid matching and deformable contour registration, adapted manually. In the fourth fraction, a deviation from the plan is seen as the stomach enters the high-dose region treatment, using the concept of a daily offset vector, allows changes in the target position to be evaluated and translated to changes in the treatment center, without the need for implanted fiducials (markerless tracking). This can be valuable in the treatment of e.g., oligometastases in the abdominal area, where placement of fiducials is currently not desirable, as it would delay the procedure. In cases when the expected intrafraction variation in tumor position with respect to the spine is expected to be low, and hence real-time tracking is not considered essential, this approach would potentially allow complex palliative irradiations to be performed with high accuracy within 1 day. To perform daily dose evaluation, the planned dose can be overlaid on the daily CT, or the plan can be fully recomputed based on the new CT. For the chosen clinical site (abdomen) it is assumed that variations in the HU in the abdominal area are small, and therefore overlaying the planned dose on the new CT (without dose recalculation) gives a good estimate of the daily dose. This is a common assumption in adaptive radiotherapy, described in 20 and validated for prostate 21 and head and neck. 22 We have chosen to apply this strategy here as well.
In the second use case, it was shown that daily CT imaging can be used for treatment position verification for tumors in soft tissue that are not visible in planar X-rays and without the use of fiducials. Our E2E test results show that the offset vector is applied correctly, has a minimal effect on the accuracy of treatment delivery, and can be used to shift the treatment center using either a physical or a virtual couch shift. It is important to note that such an approach assumes that there is minimal intrafraction motion of the tumor with respect to the spine, which is the structure tracked during treatment. If this is not the case, the limits of this motion should be established and incorporated into the treatment margin. In our phantom experiments, we have used a rigid spherical lesion, so that the calculation of the offset vector was straightforward. In a clinical scenario, the lesion should be re-delineated, so that any shape deformation can be taken into account in the computation of the offset vector, e.g., by matching the centers of mass of the lesion between planning CT and daily CT.
A number of solutions have been proposed for daily Image-Guided Radiotherapy (IGRT) for conventional and stereotactic radiotherapy. Fan-beam kV CT scanners outside the treatment room have been employed for liver and pancreas SBRT, 23 but suffer from inherent geometric inaccuracy caused by patient repositioning between scanning and treatment. In-room CT solutions have been described for conventional linac systems since the late 1990s. [24] [25] [26] [27] In these systems, the integration of the two subsystems relies on the mechanical correspondence between the isocenter of the CT scanner and that of the linac. Daily positioning is performed using skin markers (such as ball bearings) which are imaged on the CT and then used for alignment with room lasers. 28, 29 In our system, the correspondence between the treatment center and the daily CT is established using image-based matching and is independent of the absolute positioning of the couch. This is enabled by the fact the CyberKnife uses a relative coordinate system; therefore, shifts in daily position can be translated into a couch shift instead of absolute room coordinates. Another advantage of this approach is that it mitigates the effect of patient shift during the movement from CT to treatment position. As the offset is calculated with respect to the spine, and the spine is tracked throughout treatment, there is no need for a fixed position between the treatment beam center and the couch.
Cone-Beam CT (CBCT) is the most commonly employed in-room volumetric imaging modality, 30 and has been applied in the context of SBRT in abdominal tumors. 14 Morrow et al. 31 have shown that the superior image quality of fanbeam kV CT, as compared to cone-beam kV and fan-beam/ cone-beam MV CT 32, 33 leads to smaller uncertainties in soft- tissue registration for IGRT. Furthermore, with fan-beam kV CT as implemented in our system, tumor delineation in the abdominal region can be readily performed with the same delineation protocol as during treatment simulation. Moreover, fan-beam CT provides Hounsfield Units (HU) that are directly usable for dose calculation in the case of replanning, while dose calculation from CBCT requires correction of the HU values, using the planning CT data. 34 Although the CyberKnife, as a photon treatment machine, is not especially sensitive to small HU deviations, the accuracy of relative electron density estimates can make such an in-room CT solution attractive for modalities with a higher sensitivity, such as proton therapy.
In recent years, there has been a large research and development effort for the realization of in-room MR-guided radiotherapy in a fully integrated MR-linac, [35] [36] [37] [38] or a 60 Counit with built-in 0.35 T MR imager. A feasibility study has been published for SBRT of locally advanced pancreatic cancer. 39 The two main limitations of MR imaging for radiotherapy, which are not present in our system, are (a) geometric distortion in the imaging field of view (which increases with field size) 40, 41 and, (b) lack of direct HU information for dose computation. 42, 43 Additionally, the procurement costs for an MRI-linac are expected to be high compared to an in-room CT solution.
Ultrasound (US) guidance, both 3D and 4D, has potential as a low-cost, real-time volumetric modality. 44, 45 However, for use in abdominal SBRT it still has many technical challenges to overcome, such as the limited field-of-view, userdependence and geometric reproducibility.
Despite its numerous advantages, our in-room sliding-gantry CT solution has some limitations. The lack of real-time volumetric information remains a limitation, somewhat mitigated by the use of real-time planar imaging. Furthermore, even diagnostic quality CT cannot achieve the superior softtissue contrast of diagnostic-quality MR imaging. It should also be noted that despite patient immobilization inside a vacuum mattress, there is still a chance of patient motion during the couch shift. This may add to the treatment inaccuracy in case of markerless tracking (Use Case 2) and will therefore require further study and quantification so that it is included in the PTV margin. Another important limitation in the adaptive workflow is the lack of a fully automated deformable image registration; although tools for automatic redelineation are commercially available for many parts of the anatomy, automated contour propagation for the abdominal organs and especially the GI tract remains a challenge. The sliding-gantry CT, with a common treatment/imaging couch, was chosen as the most appropriate, technically available solution for integration with the CyberKnife.
The future development of this system will focus on enabling adaptive SBRT by supporting different adaptation strategies. Employing a library of precomputed plans made with different margins or different clinical priorities, and evaluated on the daily CT, is a first step in this direction. Further in the future, research efforts are aimed at adaptive plan reoptimization, whereby the plan is recomputed right before treatment, based on the same or on a different set of planning objectives. The latter technique opens new possibilities for further optimization of the treatment, increased OAR sparing and/or target dose escalation. However, the safe implementation of such techniques requires significant development efforts to update, among others, (patient-specific) quality assurance, clinical protocols, and record-and-verify systems. Such developments should be accompanied by a thorough risk analysis.
CONCLUSIONS
The first combination of a CyberKnife treatment unit with a sliding-gantry CT scanner is operational in our department. This paper has described the technical characteristics of the combined system, including a characterization of its geometric reproducibility and accuracy, based on two clinical use cases. An important issue addressed was the geometric integration between the two systems, which was achieved by the implementation of an offset vector concept. The design and implementation of additional protocols that employ the integrated CyberKnife/CT system is ongoing.
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